We have controlled the relative phase between two successively generated coherent anti-Stokes Raman-scattering signals with a homemade phase-shifting unit, the thickness of which could be automatically adjusted as the wavelength of Stokes beam scanned in a wide spectral range. With this technique we have recovered the Q-branch spectrum of carbon monoxide distorted by a large nonresonant contribution from propane. Also, we have selectively recorded the spectrum of hydrogen chloride buried in the spectrum of propane.
Introduction
Coherent anti-Stokes Raman scattering (CARS) has been recognized as an important spectroscopic tool for its superiority to spontaneous Raman scattering." 2 As it is for nonlinear optical parametric wave, a CARS signal is spatially and temporally coherent and propagates like a laser beam. Therefore CARS has been widely used despite its expensive and complicated experimental process. For instance, by measuring the vibrotational CARS spectra of molecules, we can obtain the temperature and the concentration of the gas species of interest.' 4 In many cases of measurement of the CARS spectrum, resonant or nonresonant contributions from other peripheral molecules that we do not want may distort the spectrum of molecules of interest. Suppression of these undesired background contributions thus has been an attractive topic in CARS studies. The polarization technique 5 6 has often been used to suppress nonresonant background by using different polarization properties of the nonresonant and the resonant contributions. But ground does not contain resonance lines in the spectral range of interest.
Another simple and nice technique is to make use of the coherent nature of the nonlinear optical signal. 7 -' 0 After Changet al. 7 first studied the effects of interference between two nonlinear optical signals in 1965, Yacoby et al. 8 demonstrated that when they used the coherent nature of CARS signals, the undesired background signal from nonresonant contributions could be selectively rejected. They varied the thickness of two liquid samples in a double cell to control the relative phase between the two CARS signals generated in the two samples. Recently, Marowsky and LUpke' 0 developed a versatile experimental system for the control of the relative phase by spatially separating sample cells and placing a phaseshifting unit (PSU) between the sample cells.
In this paper we have set up an experimental system for nonlinear interferometry with a PSU whose thickness could be automatically adjusted for control of the relative phases between two CARS signals. Also, we have applied this technique to the measurement of a CARS spectrum with the nonresonant background suppressed and to the separation of the spectrum of a molecule of interest from a gas mixture.
Theory
In Section 2 we consider the interference of two coherent anti-Stokes signals generated in nonlinear media of infinitesimally small thickness 8 j=' /
where
In Eq.
(1) XCARS, (3) and XARS2(3) are the third-order nonlinear susceptibilities of two nonlinear media, Ep and Es are the amplitudes of the incident pump and the Stokes beams, respectively, and wip, , and c correspond to the frequencies of the pump, the Stokes, and the CARS beams, respectively. We derived Eq.
(1) by assuming that the pump and the Stokes beams are plane waves, that there is no reflection on each boundary surface, and that there are nonabsorptive dispersive media.
If we assume that
where Xundes( 3 ) and Xdes(3) are the susceptibilities of the desired and the undesired molecules, respectively, then, from Eq. (1), the undesired contribution included in XCARS1(3) in Eq. (2) can be canceled if we let E, Akjdj = rr. That is, the eventual CARS signal is ICARS = A 2 I Xdes 1I2* (4) Therefore only the desired contribution is finally obtained. As can be seen in Eq. (1), Akj is a function of the frequencies of the Stokes beam and the pump beam. To maintain the condition Y, Akjdj = 1r over the entire spectral range, we must compensate for the total variation of lAkjdj by changing the thickness of only the ith dispersive medium di as Stokes frequency W, scans; i.e.,
Using the coherence length of the jth dispersive medium, Lj = 2Tr/Akj, we can derive the variation of di with ws from Eq. (5) as the following equation: (6) dLcj/dw, is the variation of the coherence length of thejth medium with respect to the Stokes frequency. Thus, in Eq. (6) the variation of the thickness of the ith medium, 8di, can be obtained under the condition of E Akjdj = r as the Stokes frequency changes, 8w°3
. Experiment
The PSU used to control the relative phase between the two CARS signals is composed of a pair of BK7 glass wedges of the same slope (0 = tan-' 0.1014), whose thickness was automatically adjusted with a stepping motor controlled by a personal computer (IBM AT compatible). The overall configuration of the experimental setup, including the PSU, is shown in Fig. 2 . A frequency-doubled Nd:YAG laser (Quantel YG661-10) produced the pump beam, and the Stokes beam was produced by a Nd:YAG-pumped dye laser (Lumonics Hyper SLM). The pulse energy was 9 mJ for the pump beam and 3 mJ for the Stokes beam, and each pulse duration was a few nanoseconds. BOXCARS-type phase matching' (BOXCARS indicates box-style CARS) was used for high spatial resolution. For better confocusing of the pump and the Stokes beams for BOXCARS-type alignment (a = tan-' 0.006), four achromatic lenses were used (Newport, f = 25 mm). Sample cells with 1-mmthick windows were used. To normalize the obtained signal, a reference cell that contained reference gas that has no resonance lines over the spectral ranges of interest was placed after the sample cells. Li.L2 The location of the beams in the plane perpendicular to beams' propagation direction is designated by the different circles in Fig. 2 . The designation clearly exhibits BOXCARS-type alignment. The measured spatial resolution in the longitudinal direction was 2 mm; i.e., most of the signal is generated within 2 mm, which is very smal compared with the cell length (-18cm).
Compared with the model shown in Fig. 1 , our system consists of 13 pieces of dispersive media between two CARS signals. There are two pieces occupied by the sample gases inside the cells and four pieces occupied by air outside the cells, two pieces of BK7 glass and two pieces of SF2 glass occupied by the two achromatic lenses, and two pieces of BK7 glass occupied by the cell windows. Finally, one piece corresponds to the PSU. Using Eq. (6), we calculated 8di for the experiment. First we assumed that Akj in the gaseous medium was negligibly small. Equation (6) is then the sum of the two contributions, one from the BK7 glass, the other from the SF2 glass. However, because the PSU is made of BK7 glass, we can change the thickness of the BK7 glass, and we obtain
LC-BK7 d(os where dBK7 and dSF2 are the total thicknesses of the BK7 glass and the SF2 glass, respectively, which include the two achromatic lenses, two windows of sample cells, and the PSU placed between the two gas samples. To obtain 8dBK7 in Eq. (7), we calculated LC-BK7, LC-SF2, dLc-BK 7 /dos, dLC-SF 2 /d~oS from the information on the refractive indices of BK7 and SF2 glass at each Stokes laser frequency, 16642 cm-' (carbon monoxide) and 15907 cm-' (hydrogen chloride), respectively.' 2 Those parameters are summarized in Table 1 .
Throughout the experiment, we assumed that the quantities (dLc-BK 7 /dw 8 ), (dLcSF 2 /ds) were linear in the spectral range of interest. This was acceptable because the experiment was carried out within just 20 cm-1 of a spectral range, which was a very small interval, enough to ignore the quadratic dependence of dL.-BK 7 /dwS and dLC-sF 2 /dws on the frequency of the Stokes beam. This fact (ignoring the quadratic dependence) comes from the monotonic variation of the refractive index with the frequency.' 
Results and Discussion
Filling the two sample cells with the same pressure of propane, 400 Torr, we measured the nonresonant CARS signal of the propane, and the results are plotted in Fig. 3 . In Fig. 3(a) , the thickness of the PSU was fixed so that the relative phase between the two CARS signals varied as the Stokes laser scanned. But in Fig. 3(b) , we controlled the relative phase to remain the phase difference 17 (= 180°), and we obtain perfect destructive interference in the whole spectral range. The acquired cancellation factor shown in Fig. 3 was approximately 1:150.
To recover the resonance CARS spectrum that was distorted by the large nonresonant signal, we investigated the CARS spectrum of the Q-branch rotational lines of carbon monoxide (CO, Raman shift 2145 cm-')' 3 with which the nonresonant contribution of propane interfered. Filling the first sample cell in Fig. 2 with the mixture of 20 Torr CO and 780 Torr propane, we measured the spectrum shown in Fig.  4(a) . Then, filling the second cell with 780 Torr propane only, we could eventually obtain the CO Q-branch spectrum with the background contribution suppressed [ Fig. 4(b) ].
Next we demonstrate that the CARS spectrum of one molecule of interest could be extracted even in the case in which resonant lines of the CARS spectra of two different molecules were overlapped. Because the frequency of a propane C-H vibrational mode is located in the vicinity of that of a vibrational mode of hydrogen chloride (HCl, Raman shift 2890 cm-'), 3 1 4 the resonance lines of the propane molecule in the HCl-propane mixture may be an obstacle to measuring a pure HCl spectrum. First we obtained the CARS spectra of 15-Torr HCl and 400-Torr pure propane shown in Fig. 5(a) and 5(b) , respectively. To measure the HCl spectrum, the pressure of HCl used was 15 Torr, and a buffer gas of nitrogen (pressure 400 Torr) was added for the spectral line broadening. The HCl gas was easily obtained by vaporizing of pure chloric acid into an evacuated vessel. Then we measured the spectrum of the mixture of 15-Torr HC1 and 400-Torr propane shown in Fig. 5(c) . The resonance lines of propane were observed to disturb the HCl spectrum. To reject the contribution from propane, we filled the second cell with 400-Torr propane only. Then the PSU was adjusted to produce destructive interference between the two different propane signals from the first and the second cells, and we finally observed the spectrum shown in Fig. 5(d) , in which the propane resonant signal was suppressed. Comparing Figs. 5(a) and 5(d), one can clearly see that we can selectively record the CARS spectrum of a molecule of interest with the phase-controlled nonlinear interferometric technique.
Conclusion
To suppress the background of the CARS spectrum over a broad spectral range, we have controlled the relative phase of the two CARS signals generated from the two different sources. Using this technique, we have recovered the CO CARS spectrum that was distorted by the nonresonant signal of propane and selectively detected the CARS spectrum of HCl in the spectrum of an HCl-propane mixture.
Further study on the application of this technique to the measurement of accurate spectral line shapes of various molecules with high-resolution CARS is proceeding.
